A quantitative budget estimate of actual evapo-transpiration is a key issue for enhanced hydrological modelling in northern Bénin. Actual evapo-transpiration is estimated using large aperture scintillometer equipment, devoted to sensible heat flux measurements. However, a previous study reported that the actual evapo-transpiration cycle is not fully understood. Indeed, the actual evapo-transpiration depends strongly on several factors such as climate, vegetation pattern, soil water storage and human activities. The respective contributions of the aquifer and vadose zone to the actual evapo-transpiration budget are not known. When using piezometric variations of the water table, the aquifer contribution is not easy to quantify since the specific yield may vary in the investigated area, located in a metamorphic rock environment. In the present study, we investigate whether significant differences in the aquifer's specific yield could exist within the large aperture scintillometer measurement area, leading to different actual evapo-transpiration water losses. We use joint frequency electromagnetic resistivity mapping, geological surveys and magnetic resonance sounding (MRS) to delineate the effective porosity of the regolith around the scintillometre measurement area. Thirteen MRS soundings implemented in key areas reveal a clear classification of the main geological units on the basis of their water content. The MRS water content varies between 1.5-3% for amphibolite and micaschists formations to more than 12% for quartzitic fractured formations, whereas the MRS relaxation time T 1 is less discriminating (150-250 ms), indicating a small variation in pore size. Then, as a first modelling exercise, we assumed that the MRS water content (the effective porosity) maximizes the specific yield. The actual evapo-transpiration budget given by a previous study (Guyot et al. 2009 ) is then re-interpreted using geophysical data: we found that a) the measured water table depletion can explain the actual evapo-transpiration value providing enough water for the transpiration process and b) the significant discrepancies in actual evapotranspiration signals observed between the eastern and western parts of the watershed can be explained by the respective effective porosity of the geological units. Even if further research is needed to link MRS water content to the specific yield and to evaluate a possible role of the deep vadose zone, the hydrogeophysical mapping presented in this study highlights the role of the MRS method for providing relevant information to understand hydrological processes in this complicated geological context of north Bénin. has to be close to 5%. When the wind comes from the west, the specific yield of the aquifer has to be close to 10%. Such significant discrepancies cannot be explained without making the following hypothesis: 1 the specific yield of the subsurface varies from place to place and is significantly higher on the western side of the large aperture scintillometer beam (i.e., in the footprint area associated with a main wind direction coming from the west), 2 if the specific yield is not varying from place to place, then the relative contribution of the vadose zone and aquifer should vary with time. Investigating these hypotheses is a challenging task for hydrologists. The specific yield of a hard rock aquifer can vary from place to place according to the nature of the parent rock and the weathering process. Here, the geological basement exhibits various types of rocks. Therefore, spatial variations of the specific yield are highly probable.
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In this paper, we test the first hypothesis: is the specific yield varying significantly (i.e., a few per cent) in the footprint areas of the scintillometer measurements? Testing this type of hypothesis can also result in useful contributions to answer the following question: what is the relative contribution of the aquifer and deep vadose zone (below 1 m down to the water table) to the actual evapo-transpiration budget?
The final objective is thus to provide an estimate of the specific yield of the vadose zone and the aquifer, which is spatially distributed over a large area. The scale of interest should be identical to the scintillometer measurement scale (few km 2 ), taking into account the large footprints on both sides of the infrared beam. This compulsory requirement makes surface geophysical studies necessary. In this paper, we propose a hydrogeophysical approach that combines magnetic resonance sounding (MRS) and resistivity methods that are well-suited for delineating hydrogeophysical units within the subsurface (Vouillamoz et al. 2005; Descloitres et al. 2008) .
The MRS technique is chosen since it has a unique advantage over other classical geophysical methods: it measures a relaxation signal that comes directly from the protons of the water molecule, which are excited using a controlled electromagnetic field source. The estimates of the hydrodynamic properties of the saturated ground can be derived from MRS data. In addition, with MRS, large volumes of the ground are investigated (i.e., more than a few ten thousands of m 3 ) and can thus provide more relevant and integrated information rather than punctual measurements. Water content calculated from MRS data (the so-called MRS water content) provides an estimate of the effective porosity of an aquifer directly, as proposed by Lubczynski and Roy (2005) , if the MRS sounding is performed over the rocks where the dead-end and unconnected porosity can be neglected. In this paper, we hypothesize that MRS-derived effective porosity provides an upper limit of the specific yield value. We also assume that the spatial distribution of the specific yield follows the same trend as the effective porosity. A calibration of the MRS water
INTRODUCTION
Actual evapo-transpiration estimation is critical for understanding the water budget and hydrological modelling. In West Africa, in the frame of the international program AMMA (African Monsoon Multidisciplinary Analysis), actual evapo-transpiration has been studied for several years in three long-term field observatories (http://www.amma-international.org). The present study takes place in north Bénin, in the Ara experimental watershed (12 km2) situated on the river Donga watershed (580 km 2 ) in the wet Sudanian climate (1200 mm rain/year). The hydrogeological situation is referred to as hard rock aquifers in metamorphic rocks. In this area, the local average rainfall deficit is 15-20% since the period , in respect to the mean annual rainfall over 50 years. Meanwhile, there is a streamflow deficit of approximately 40% (Lebel and Vischel 2005; Le Lay and Galle 2005) . The reason for the high streamflow deficit is still poorly understood and presents important issues regarding future surface and groundwater resources. Consequently, a correct understanding of hydrological processes, including the quantitative actual evapo-transpiration budget, is needed to build efficient predictive hydrological modelling. Kamagaté et al. (2007) showed that river stream flows come only from shallow seasonal perched aquifers located in superficial soil layers, not from perennial aquifers. This hydrological functioning scheme has been corroborated in the Ouémé catchment scale (Le Lay et al. 2008 ) using large-scale hydrological modelling. This scenario involves a major role of the actual evapo-transpiration process. Guyot et al. (2009) tackled the actual evapo-transpiration quantification using latent heat flux measurements based on the scintillation of the near atmosphere (Meijninger et al. 2002) . This approach allowed them to attempt actual evapo-transpiration quantification at a larger scale than punctual measurements, typically a few kilometres squared. To derive the latent heat flux, they measured the sensible heat flux over a large area using a large aperture scintillometers instrument. The large aperture scintillometer signal is influenced by actual evapo-transpiration processes occurring in an area situated windward of the large aperture scintillometer infrared beam, the area defined as the 'footprint' of the instrument. Consequently, the area sampled by the instrument can vary with time according to the prevalent wind direction during the year. The scintillometer method must be validated using soil moisture measurements and groundwater table fluctuations. Both data sets provide estimates of the water losses due to the transpiration through shallow and deep root systems (grass and tree, respectively).
Analysing their results, Guyot et al. (2009) first came to the conclusion that a) the water losses in the first metre of the subsurface do not provide enough water for closing actual evapotranspiration budgets and b) a significant amount of water has to be absorbed by deep roots in the vadose zone and/or the permanent aquifer. The latter conclusion is supported by the fact that the water level decreased regularly at the same time. Second, to fit their actual evapo-transpiration budget, they found that, when the wind comes from the east, the specific yield of the aquifer West Africa. It represents a typically cultivated area in a Sudanian climate. Figure 1 presents a general view of the experimental watershed as well as the main geological information available before our study.
The geology of the area is composed of metamorphic rocks belonging to the Tanekas range (Affaton 1973 (Affaton , 1987 . It consists mostly of quartzite with dysthène minerals. The bedrock is fractured during several tectonic phases. The main orientation of the geological structures (and of the gneiss foliation) is roughly north-south and the dip angle is 20° east. At Ara, four main geological units are present (Fig. 1) . display clear signs of water circulation through fractures in this formation.
mostly present in the north-eastern part.
watershed intermingled with fine gneiss and micaschists. western part that is mostly hidden by a thick lateritic cover. Above the bedrock, the weathered rocks (regolith) and soils are clayey to sandy according to the parent rock and soil genesis. Lateritic covers the outcrop in several parts of the watershed at the top of the slopes, however, mostly in the western part of the watershed.
The hydrogeological model of the area follows the same conceptual model under a tropical climate as described for example by Wright (1992) or Dewandel et al. (2006) . The regolith is content using independently obtained specific yield data is not performed in this paper. This calibration requires several pumping test sites (equipped with at least two boreholes) that were not available on this watershed.
Resistivity methods are also used since collecting MRS data is time consuming and a hard rock environment requires a large number of data points to cover the geological variations. Thus, the MRS location must be carefully implemented within relevant representative units. The main geological units and associated weathered soils are delineated combining a classical approach using resistivity mapping (or soundings) and geological observations. We hypothesize that weathered materials have the same hydrodynamic properties if they originate from the same parent rock. Therefore, if one can delineate precisely a geological unit, a MRS measurement made at one point can give a representative estimate of the hydrodynamic property of the whole formation. This hypothesis is restrained, however, at the local scale (i.e., few km 2 ), where the geological conditions (i.e., fracturation, foliation) are uniform. Our results allow us to draw a map of the effective porosity of the subsurface in the investigated area. Finally, we discuss the implications of our results regarding the understanding of the actual evapo-transpiration budget.
MATERIALS AND METHODS Background information on the investigated area
The Ara experimental watershed has a surface of 12 km 2 , with elevations ranging from 400-500 m asl. This watershed is a part of the Donga catchment (586 km 2 ) in the northern part of Bénin, 100 m. When the ground is saturated, a MRS signal can be recorded if free water is present. Two main parameters are measured with MRS: the amplitude of the relaxation signal linked with the MRS water content parameter mrs and the relaxation time constant T 1 linked with the pore size. This relaxation time constant T 1 is determined using a measurement sequence involving two successive pulses, called FID1 and FID2. Both pulses generate two decaying signals and result in two different sounding curves. Basically, the larger the FID1/FID2 amplitude ratio, the larger the pore size. Further information on the hydrogeological significance of MRS parameters can be found in Lubczynski and Roy (2005) , Legchenko et al. (2004b) or Vouillamoz et al. (2005) .
In unconfined aquifers, the MRS water content mrs is a direct estimate of the effective porosity if the dead-end and unconnected pores are neglected. In the Ara watershed, the aquifer is unconfined. In this study, we consider that mrs derived from MRS interpretations maximizes the value of the specific yield of the aquifer. For coarse materials, the effective porosity is considered to be close to or equal to the specific yield because water retention capacity remains low (Lubczynski and Roy 2005) . In addition to mrs, we also investigate the MRS relaxation time constant T 1 that gives information on pore size. Because pumping tests are not available in the area, we discarded the use of any transformation function in this study to calculate hydraulic conductivity from MRS results. Instead we consider a direct comparison of the relaxation time constant T 1 and MRS water content mrs with known geological characteristics.
MRS data acquisition
For the field survey, the Numis Plus equipment (Iris Instruments, France) was used. An eight-square transmitter/receiver loop was laid out on the surface to get a higher signal-to-noise ratio. The length of each side of the loop was 50 m. With this configuration, the instant noise level is close to 350 nV. This value reaches 800-1000 nV in the afternoon. The best measuring daily interval was between 6:00 a.m and 2:00 p.m to avoid electromagnetic interferences that occur in the afternoon under such tropical conditions. This configuration provided an investigation depth of 50-75 m, which was larger than the expected regolith thickness (30 m). Frequency drifts due to diurnal intensity variations of the geomagnetic field (close to 2 Hz at this latitude close to the geomagnetic equator) were also taken into account when interpreting the data. We surveyed thirteen MRS sites in key areas located within the four main geological units delineated with the FEM mapping and geological survey. We performed MRS surveys at the end of the rainy season when the water table was at its maximum elevation (i.e., at 2 m below the surface). Doing so, our objective was to get information not only from the perennial aquifer but also from the vadose zone that became saturated once the water table rose. Therefore, we obtained information on the entire column of the regolith.
In the context of the hard-rock aquifer, the MRS water consandy to clayey depending on the nature of the rock and the degree of the weathering process. According to Wright (1992) the hydraulic permeability is likely to be low when the regolith is derived from rocks rich in ferromagnesian minerals, which convert easily to secondary clay. The regolith is generally the storage part of the aquifer. Below, the protolith (i.e., the fresh rock) can be fissured to fractured, depending on its nature and tectonic history. The protolith is the hydraulically conductive part of the aquifer but not the main storage part of the aquifer. The fracture density generally decreases with depth. For the present study, foliated metamorphic rocks could complicate this scheme, leading to 2D underground structures. An actual evapo-transpiration study requires to close the surface energy balance equation. At the watershed scale, recent scintillometric instruments have been developed to measure the turbulent fluctuations of the refractive index of the air along the path between a transmitter and a receiver. This is related to the fluctuation of thermodynamic parameters, mainly air temperature and humidity, induced by turbulent eddies. An average sensible heat flux over several km 2 can then be derived from infra red large aperture scintillometers measurements (Hill et al. 1992) . More recently, it has been shown that using large aperture scintillometers it is possible to evaluate latent heat flux combined with an energy budget calculation (Schuttemeyer et al. 2006) . Guyot et al. (2009) deployed the large aperture scintillometer (model BLS900, Scintec AG, Rottenburg, Germany) in the lower part of the basin along a 2.4 km long path. Both the transmitter and receiver have been installed on a 5 m high tower at elevated locations on the border of the catchment area. This allows the infrared beam to cross the Ara watershed well above the canopy (Fig. 1) . The beam remained mostly perpendicular to the dominant wind direction observed as south-east (dry season) and north-west (wet season) directions. The footprint areas are defined in Fig. 1 using the Hsieh analytical model (Hsieh et al. 2000) for both main wind directions.
MRS method
MRS is a unique geophysical method that directly measures the relaxation signal produced by the hydrogen nuclei of water molecules when they are excited by a time-varying electromagnetic field. Further details on the method can be found in Legchenko and Valla (2002) , Roy and Lubczynski (2003) , Yaramanci et al. (2002) or Legchenko et al. (2004b) . MRS is a non-invasive technique. The available equipments sound the ground down to rock-fresh rock interfaces in tropical weathered crystalline rocks. Due to the large size of the study area (more than 10 km 2 ), dense electrical conductivity mapping was conducted using the FEM method. This well-known method is widely used for soil and geological surveys. The details of the technique can be found in McNeill (1980) . With Geonics EM34 equipment (Geonics Ltd., Canada) data were collected along east-west profiles running perpendicular to the main geological orientation trend. We first tested the method along a 1.6-km-long test profile. The test profile was previously surveyed with electrical resistivity tomography by Kamagate et al. (2007) . All possible configurations of the instrument have been used, including 10, 20 and 40 intercoil spacing intervals and the vertical and horizontal coplanar coil modes (VCP and HCP, respectively). The results from the EM34 test profile are presented in Fig. 2 . For the VCP mode, the 20 m intercoil spacing exhibits the same dynamic range as the 10 m intercoil spacing. The values are very close to each other. The lateral variations are logically smoother for the 20 m intercoil spacing. The 40 m intercoil spacing with the highest penetration depth displays a similar trend but is more scattered due to the difficulty of maintaining the coplanar mode in a forested area. The horizontal coplanar coils configuration (HCP mode), has also been tested in an attempt to reduce the sensitivity to geological features at shallow depths. The HCP results are illustrated in Fig. 2 only for the 20 m intercoil spacing as an example. The dynamic range of apparent conductivity is narrower than for the VCP mode. The conductive values are identical for the two modes when the conductivity is above 10 mS/m, while for resistive formations, the conductivity value for HCP is higher. This means that the HCP mode is not favourable for the detection of shallow resistive formations. The use of additional intercoil spacing does not provide significantly more information on the content could be as low as 1-5%, which has also been reported from a similar geological environment in India (Legchenko et al. 2006) . This leads to a low MRS signal amplitude, typically 20-40 nV, with an eight-squared transmitter/receiver size. Therefore, the MRS data acquisition has been adjusted to the following parameters to ensure data quality: achieve this requirement, the MRS signal was stacked until the mean noise level decreased below 10 nV, close to the instrument's internal noise. This was achieved for every pulse moment with a minimum stack number of 300. The stack number was usually close to 600. signal was validated using an analysis of the in-phase and outof-phase component of the complex signal.
the signal amplitude was balanced using a noise level just before the MRS acquisition).
FID1 and FID 2 are recorded for a period of 200 ms. The delay between pulses is set to 340 ms.
to the records, centred on the Larmor frequency.
Resistivity method for regolith mapping
The second geophysical parameter considered in this study is electrical resistivity (or its inverse, electrical conductivity). Electrical resistivity is generally well suited for characterizing the regolith as it presents significant clay occurrence and water content, contrary to the protolith. Seaton and Burbey (2002) , Beauvais et al. (1999) and Braun et al. (2009) showed that resistivity is well suited for delineating clayey zones and weathered variable amount of clayey materials should lead to different hydrological properties of the subsurface. For example, rocks with ferromagnesian minerals can develop more clayey weathered material than rocks with a higher percentage of silica. This approach was recently used in Brittany by Wyns et al. (2004) in similar conditions as in North Bénin. In their paper, Wyns et al. (2004) used reliable geological maps and surveyed different types of metamorphic and crystalline rocks, including weathered and fractured or fissured rocks. Using this approach, they successfully delineated the aquifer reserve at a regional scale. Here, we follow the same approach but at the scale of the small watershed (10 km 2 ). Since a detailed geological map is not available at this scale, we instead used FEM mapping and a geological survey to achieve a good estimate of geological boundaries. This geological survey is rather rough, restricted to surface observations of the few outcrops. Then, the locations for MRS surveys are chosen, representing the different geological environments.
RESULTS

EM34 and geological surveys
The results of the FEM mapping are presented in Fig. 3 , with the outcrops identified along each EM34 profile. The map shows a range of apparent electrical conductivity from 1 mS/m to more than 22 mS/m (from 1000-45 Ωm). Three main classes of conductivity are described (also reported in Fig. 2): formations. They cover 10% of the watershed. In the west and north they usually occur as isolated zones in places where streams are initiated. The existence of clayey soils and small springs flowing intermittently gives a clear indication of the ductivity distribution and was consequently not considered for surveying the entire watershed. In conclusion, the 20 m intercoil spacing using the vertical dipole configuration was chosen as the most representative of the regolith, in addition to being the most easily carried out in the forest.
The EM34 profiles are separated by 100 m. On each profile, the apparent conductivity of the subsurface was recorded every 20 m using the vertical coplanar coils configuration (VCP mode) with 20 m intercoil spacing.
In addition to FEM mapping, Schlumberger electrical soundings have been performed at each MRS point. The results of those electrical sounding are used to support the MRS interpretation by defining the geoelectrical model of the ground below the MRS point.
Geophysical survey: the 'cluster' approach At the Ara watershed, four main rocks type are present. These metamorphic units are almost completely hidden by thick lateritic covers, dense vegetation and cultivated areas that forbid detailed geological mapping. Only a few outcrops can be identified from place to place. Preliminary geophysical studies (electrical resistivity tomography, Kamagate et al. 2007) have also shown that the thickness of the weathered rocks (the regolith) is highly variable (from 1 m to more than 25 m). Moreover, within the weathered part, the electrical resistivity can vary from a few Ωm to more than 400 Ωm. This indicates significant lateral variations in the clay content. Such observations have already been made in other studies in similar geological and climatic conditions (Braun et al. 2009 ), confirming our observation that the tropical weathering process develops different types of regolith (Wright 1992 ). The of the scintillometer (Fig. 1) . In addition to the EM34 survey, we surveyed a small area located in the south-eastern part of the watershed (inlet in Fig. 4 ). This area was chosen for a detailed study since three of the main geological units are found here. This small area was surveyed with a finer sampling interval using resistivity profiling (Schlumberger array using a single AB/2 spacing of 20 m, MN of 1 m and a sampling interval of 20 m along the profile). The electrode line was oriented along the main structural trend (i.e., north-south). This detailed mapping is presented further in this paper jointly with MRS results. The thick lateritic cover is not included in this study because it is not, strictly speaking, a geological formation and it is located far from the area of interest. The EM34 results combined with geological observations allow us to delineate four major units, as displayed in Fig. 4: portion of the watershed. These patches were not accessible for MRS; therefore, we implemented MRS points close to more accessible conductive lowlands. We made the assumption that the migmatitic gneiss covers the entire western part of the watershed as suggested by the regional geological map (Fig. 1) . MRS measurements were conducted in three sites: one point 'BF2', at south-west and two points, 'BF4-1' and 'BF4-2', on a slope in the north-west. along north-south stripes. These formations have been studied in detail with MRS data collected in four sites: 'N1', 'N2', 'N3' and 'C4'. As stated previously, these MRS sites are chosen to investigate if there are lateral variations of the specific yield within the same geological unit.
source of the conductive response of EM34. To the east, conductive zones are elongated in a north-south direction, which is in accordance with the trend of geological structures.
Observations from a few outcrops suggest that these conductive strips are associated to amphibolites and very fine gneiss. This observation is in accordance with the fact that the regolith that developed with amphibolites is generally more clayey, thus electrically more conductive than in other rock units.
mediate range of conductivities (30% of the surface of the watershed). No significant outcrops were identified to relate this range of conductivity to a particular type of rock formation. Mostly, this range of conductivity is found in the western part of the watershed.
formations. They cover 60% of the watershed. Mostly, the resistive formations are located upstream in the west, however, they are also found in some patches in the central part of the watershed and along the stream, where pegmatitic gneisses are exposed. In Fig. 3 , the thick lateritic cover is delineated. We notice that the resistive formations, as indicated by the EM34 measurements, are mostly related to the lateritic cover. In the east, resistive formations are elongated north-south, parallel to the conductive strips. They correspond to the main quartzite unit of the watershed and to narrow veins of quartz, gneiss and micaschist.
Delineation of geological units and MRS implementation
The conductivity map together with the geological observations shown in Fig. 3 provide the necessary detailed information to delineate the main geological units, at least in the footprint areas Delineation of the main geological units from EM34 and the geological surveys. The square at the bottom right of the figure delineates a detailed surveyed area. MRS points are plotted with black dots. The scintillometer and its footprints are also added on this figure. In the east, the dashed area corresponds to the zone where MRS sounding was too noisy to be implemented due to an electrical line close to the main road.
tion procedure, the sounding curve obtained at site Q1 over the quartzite is presented as an example (Fig. 5) .
First, we interpreted the MRS water content parameter. To fit the MRS sounding curve, we first used a smooth inversion procedure with a number of layers that were automatically defined by the algorithm. Then, a one layer model is manually made using the multi-layer solution as a guiding solution. The one layer interpretation allows us to evaluate the equivalence limits. The same procedure has been used for all MRS points. For each sounding, the minimum and maximum value of the thickness of the aquifer is calculated jointly with the respective MRS water content. MRS equivalence is found when the product of the thickness times MRS water content mrs remains constant. This equivalence is however limited once the modelling curve is outside the fitting envelope of the field data points (i.e., once the model curve is away from the fitting envelope shown Fig. 5 ). Figure 5 shows the one layer interpretation obtained for site Q1. The minimum thickness is 7.5 m with mrs of 12.5%, while the maximum thickness is 9.6 m and the MRS water content mrs is 10.5%. The products of mrs and thickness are 94 m and 100 m, respectively. The best fitting curve is found within the minimum and maximum models, i.e., a thickness of 9 m and a MRS water content mrs of 11.5%.
Second, we interpreted the relaxation time constant T 1 linked with the pore size. As shown by Legchenko and Valla (2002) , the measured MRS signal decays with the time constant T 2 * that can be influenced by local magnetic field inhomogeneities. Such inhomogeneities cannot be excluded in our area. Legchenko et al. (2004a) proposed to adapt the saturation recovery technique (Dunn et al. 2002) using an acquisition sequence of two pulses; they proposed calculating the T 1 longitudinal relaxation time constant, which is considered to be more reliable for deriving MRS measurements were conducted in three sites, two of them, 'Q1' and 'Q3' located directly at the southern portion of the main quartzitic formation and one, 'C2' located within the area of detailed studies surveyed in the south-east. the east of the watershed. This unit is sampled with MRS in two sites, 'Q2' and 'C3'; C3 located in a thin conductive strip within the area of detailed survey.
Magnetic resonance soundings results
MRS interpretation
Prior to the MRS interpretation, each MRS site was surveyed with a Schlumberger Electrical Sounding (SES). The results of SES allowed us to determine the resistivity distribution necessary to compute the MRS inversion matrix. To summarize the SES results, the general trend of the subsurface consists of a three layers model: the top soil (0-2 m, which is mostly resistive, 300-2000 Ωm), the regolith (with thickness ranging from 3 to more than 15 m), the bedrock (resistive, above 2000 Ωm). Two main situations are encountered: a) the regolith is conductive (resistivity typically ranging from 20-75 Ωm) in clayey areas where the EM34 conductivity values are above 12 mS/m (below 83 Ωm) and b) the regolith is more resistive (100-400 Ωm) corresponding to the intermediate value of EM34 conductivity.
Using forward modelling MRS software, a complex (mathematically speaking) modelling of the MRS sounding is provided (Legchenko 2004a ). We considered a 1D layered earth assumption for modelling. In other words, we considered the regolith to be horizontally layered at the scale of the MRS loop (i.e., 75 m around). We found that there is a good fit of all MRS sounding curves using only one aquifer layer. To illustrate the interpreta- Example of a MRS sounding at site Q1 and corresponding MRS interpretation. The maximum initial amplitudes of the FID signal FID1 and FID2 are plotted (in nV) versus the pulse moment (in Ams). In the upper frame, the MRS models are presented using continuous lines (one layer interpretation) and dashed lines (multi-layer interpretation). The corresponding model curves are plotted on the sounding graph using continuous and dashed lines. The grey areas correspond to envelopes of the minimum and maximum models for FID1 and FID2 pulses, for the one layer interpretation.
Amphibolite veins are conductive, i.e., the resistivity is lower than 30 Ωm, which is a typical range for water-saturated clayey materials. The results of the MRS best-fitting models are indicated for each sounding. When comparing all soundings, there is only a small difference in the relaxation time constant T 1 (230-300 ms) and the MRS water content ranges from 1.5-10%. The MRS water content at site C1 shows a value of 6%. This sounding is situated above both the amphibolite (north-western loop) and quartzite vein (south-eastern loop). The MRS loop C3 is located above the amphibolite and shows a MRS water content of 3%. The MRS loop C2 is located above the quartzite vein and shows a MRS water content of 10%. Therefore, it is highly probable that the MRS water content at site C1 is a result of the combined source rock, the quartzite and the amphibolite. For micaschist (MRS loop C4 and N1), the MRS water content is 1.5-3.2%, respectively.
DISCUSSION
Analysis of MRS results
In Fig. 7 the MRS water content mrs versus MRS relaxation time T 1 obtained from all MRS measurements is presented. The information about the mean pore size of the saturated layer. An example of the T 1 estimation using the curve-matching technique of the FID2 field data curve is shown in Fig. 5 . Here, the best FID2 fitting curve corresponds to a T 1 of 200 ms. T 1 uncertainty is then estimated manually proposing two extreme T 1 values, which produces two curves that envelop the FID2 data points (grey area in Fig. 5) . T 1 can vary between 170 ms (upper limit of the grey area in Fig. 5 ) and 260 ms (lower limit of the grey area in Fig. 5 ).
MRS response to geological units: example of the detailed survey
To illustrate the MRS response in different geological units, we present the results obtained with both electrical profiling and the MRS sounding survey in the small area at the south-eastern part of the watershed (Fig. 6) . The positions of MRS loops (eightsquared loops) are shown in Fig. 6 . This area displays a typical arrangement of the geological formations, oriented north to south. Three main geological units are present: from west to east, micaschist, amphibolite and quartzite (with micaschist intermingled). These units are clearly reflected in the resistivity distribution. Micaschist and quartz are resistive at above 250 Ωm. regional geological map. Therefore, more MRS sounding should be performed to ascertain this range of water content.
12.3%). Since the degree of weathering should be low for these types of rock, such values probably indicate highly fractured rocks. If so, quartz formations could serve as local drainage units. The aquifer thickness calculated with MRS remains, however, limited to less than 15 m. If a deeper fracture system exists, its water content should be very low, since it is not indicated in the MRS data.
at site C1 is as what can be expected from a combined source rock, since the content is between the amphibolite water content and the quartz water content (Fig. 6) . Regarding relaxation time T 1 , the range of values (250-350 ms) given by the best fitting values remains narrow for this complicated geological environment. In soft sediments, this range corresponds to a fine to medium sandy aquifer (Chalikakis et al. 2009 ). If we hypothesize that it is a porous medium, the narrow range of T 1 should indicate a quite homogeneous hydraulic conductivity of the regolith. However, in the absence of pumping test analysis and calibration with MRS, care should be taken because both porous medium and fractured medium could be present at the same time.
MRS water content ranges from 1.5-12.2% of the total volume investigated below the MRS transmitter loop. The MRS relaxation time T 1 ranges mainly between 160-275 ms. At two sites T 1 has a value higher than 275 ms and reaches a maximum of 350 ms at site C3. In Fig. 7 , the geological units are contoured, except for amphibolite that forms two outlayers (C3 and Q2): The key parameter to distinguish the geological formations is the MRS water content:
water contents between 1.5-3.5%. The narrow range of the MRS water content for sites N1, N2 and N3 situated in the same micaschist formation confirms that there is no significant lateral variation of the water content in the regolith of this geological unit. At site N3 the water content is low because it is situated in a location where the fractured fresh rock is close to the surface. The value of 1.5% should correspond to the fractured-fissured part of the aquifer. Such low water content was also shown in a study from India where the climatic and geological conditions were similar (Descloitres et al. 2008) . between 4.5-7%. This range is only defined on the basis of data from three MRS sites without the direct recognition of the nature of the rock due to the lack of outcrops near the sounding. As mentioned previously, the nature of the rock is only deduced from the For micaschist, our values are in accordance with the values obtained by Wyns et al. (2004) for fissured formations and Legchenko et al. (2006) for poorly weathered formations. A higher MRS water content is found in Brittany for another micaschist. This confirms that the MRS water content can differ from
Definition of hydrogeophysical clusters
In order to synthesize the MRS results versus available geological information, a summary of identified clusters is presented in Table 1 . Here, we added some values of the MRS water content obtained in previous studies in similar geological environments. by actual evapo-transpiration calculated from the energy balance equation, the measured soil water losses (zone 0-1 m) and estimates of aquifer water losses calculated from MRS results. Before day 46, the actual evapo-transpiration is close to 0.5 mm/day. The main wind direction is from the north-east part of the scintillometre ray beam. The soil water losses are close to 0.2 mm/day. After day 46 (first rain of the year), the main wind direction changes to the south-west. Twenty-five days after the rain (day 70), the actual evapo-transpiration signal tends to stabilized but with a higher value of 1.3 mm/day, while the soil water losses recover its 0.2 mm/day value.
To explain the higher actual evapo-transpiration measurement, Guyot et al. (2009) invoked a regeneration of the vegetation. However, this hypothesis is not supported by the soil water losses data that remain at the same levels before and after the rain (except during 20 days after the rain). Additional water should consequently be provided from deeper layers.
In Fig. 9 , we represent the aquifer losses using the water level fluctuations that decrease regularly during the entire period and were recorded by several piezometres placed inside the investigated area. The calculated water losses are based on two hypotheses: a) the aquifer specific yield is 10%, uniformly distributed within the scintillometre area and b) the aquifer specific yield is equal to the effective porosity, spatialized from our clustering approach (Fig. 8) .
If water losses from the aquifer, with an assumed 10% specific yield uniformly distributed, are retained, this value explains the one formation to another if the local weathering process and fracturing is different. For migmatitic gneissic formation, the MRS water content found in Bénin (5.1%) is similar to the value of Wyns et al. (2004) , i.e., 4.5%.
Using the MRS water content classification in Table 1 , we propose a delineation of the clusters of effective porosity (Fig. 8) , focusing on the scintillometer area. We see that the quartzite formations covers 50% of the area covered by the scintillometer and micaschists and fine gneiss covers 35%. Finally, amphibolite and migmatitic gneisses cover 13% and 2%, respectively. We also note a clear difference between the western and eastern part of the footprints: -tre beam, the mean MRS water content is 4.6%, based on the distribution of geological units.
water content is 8.6%. Our initial hypothesis, a spatial variation of the regolith storage properties within the footprint area, is clearly verified by the geophysical survey and can have several implications regarding the actual evapo-transpiration budget understanding.
Implication for actual evapo-transpiration budget understanding Guyot et al. (2009) calculated an estimate of actual evapo-transpiration using a short period of time (3 months) corresponding to a typical cycle of rain/evaporation. Figure 9 shows the water losses Daily actual evapo-transpiration and average soil water losses from the top soil (0-1 m) from Guyot et al. (2009) . Note that from day 46, there is a significant difference in the actual evapo-transpiration value. Aquifer water losses are calculated from the water level depletion measured at the piezometre and considering a) effective porosity value deduced from the hydrogeophysical MRS clusters (Fig. 8) for each main wind direction (dark full drawn line) and b) a uniform specific yield of the aquifer of 10% (hatched line). Note that the aquifer water losses calculated on the basis of effective porosity explain the actual evapo-transpiration for both main wind directions.
Significant actual evapo-transpiration differences are encountered in the area sampled by the large aperture scintillometer instrument. In an attempt to understand such differences, we investigated whether significant differences in the specific yield of the aquifer could exist within the large aperture scintillometer measurement areas, leading to different actual evapo-transpiration water losses. The magnetic resonance soundings method was used to estimate effective porosity within different geological units that were previously delineated with electromagnetic and geological surveys. The MRS water content parameter proved to be the most suitable parameter to distinguish the quartzite formations (MRS water content 8-12%) from other formations, with micaschists, fine gneiss and amphibolite that show a lower MRS water content range (1.5-3.5%). West of the footprint area, the migmatitic gneiss formation shows an intermediate value (5%). The MRS relaxation time T 1 that is characteristic of the pore size is not discriminating. The map of the effective porosity exhibits significant differences in the large aperture scintillometer footprint areas. Consequently, this map can enlighten the results of Guyot et al. (2009) regarding the actual evapo-transpiration budget. If we assume that the MRS water content maximizes the specific yield as a first modelling exercise, we find that: a) the measured water table depletion can explain the actual evapo-transpiration value providing enough water on both sides of the watershed and b) the significant discrepancies observed between actual evapo-transpiration signals of the eastern and western parts of the watershed can be explained by the spatial distribution of the effective porosity. However, further research is needed to link MRS water content to the specific yield of the regolith (instead of effective porosity) to evaluate a possible deep vadose zone contribution to the actual evapo-transpiration signal. For future studies, the feedback of the modelling may allow for the calculation of precise hydrogeophysical parameters by making a few iterations in hydrogeophysics-hydrodynamic modelling
In the complex geological environment of north Bénin, the nature of the parent rocks, as well as the fracturation of quartzitic formations, seem to be of particular importance in developing contrasting aquifer storage capacity. This result points towards a future evaluation of groundwater resources at a regional scale as a promising research goal, as well as towards significant insight into hydrological studies conducted in north Bénin.
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If the clusters of effective porosity are used, then the actual evapo-transpiration signal is well fitted for both periods. This good agreement can be explained due to the change in wind direction. Before the rain (wind from the east), the mean effective porosity of the regolith is 4.6% (mainly micaschist and amphibolite weathered regolith is encountered). After the rain (wind from the west), a mean value of 8.6% is considered, with predominant quartzite formations in the western footprint. At the same time, water table depletion is constant over the entire period. With reference to that observation, the aquifer should provide nearly three times more water to the actual evapo-transpiration T after day 46. This observation is supported by the fact that trees are mostly present in the western part, as shown in Fig. 8 . Therefore, we found a good agreement between the vegetation pattern and available groundwater quantities (more regolith water storage, more trees).
The results are based on the assumption of a specific yield that could be equal to the effective porosity. This assumption can be retained for formations with coarse grain sizes as proposed by Lubczynski and Roy (2005) . Thus, it could be valid for the quartzitic formation since it is composed of coarse materials (fragments of quartz from 1-5 cm, even more) and open fractures on outcrops. This assumption should be less valid for micaschist and amphibolite weathered material exhibiting a more clayey regolith. In the study of Vouillamoz et al. (2005) in a weathered granite context, the authors derived an estimate of the specific yield of the regolith using available pumping test data. The specific yield is found to be three times lower than the MRS water content. Although the estimate is poorly defined, such differences could indicate that the specific yield could be less than the effective porosity. In this case, our results showed that the aquifer depletion cannot provide enough water by itself to fit the actual evapo-transpiration T data. This deduction shows that the deep vadose zone (below 1m) could also play a role in providing complementary water to the system. Consequently, two more steps have to be completed to reach more constrained modelling. First, one needs to document the hydrodynamic parameter of the regolith using independent data such as the pumping test and compare it to the MRS. This would fill the gap between the MRS water content data and the specific yield value. This step is also proposed by recent studies (Vouillamoz et al. 2008 ) for a sedimentary aquifer in Niger. Second, to complete the study of the water budget a specific study of the water losses related to the deep vadoze zone (below 1 m) should be undertaken.
SUMMARY AND CONCLUSIONS
In the metamorphic geological environment of north Bénin, an actual evapo-transpiration budget is calculated using large aperture scintillomeer data at the scale of a small watershed.
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